A procedure for numerical simulation of rail wear and the corresponding profile evolution has been formulated. The wear is assumed to be uniform in the sense that the profiles remain constant along the track portion to be investigated. A simulation set is selected defining the vehicles running on the track, their operating conditions, and contact parameters. Several variations of input data may be included together with the corresponding occurrence probability.
INTRODUCTION
Track deterioration is a cost driver in railway services. One of the several rail damaging mechanisms is wear, others being fatigue cracking and corrugation. Despite substantial improvement of rail materials track maintenance is still an issue, largely depending on increasing performance requirements on the transport system as a whole. Both speed and axle loads have shown an increasing tendency over several years and continue to do so.
The development of computer performance suggests to explore the possibility of predicting wear by simulation. The aim would be both maintenance planning and optimization of services. A consequence of the deregulation of railway operations which needs to be addressed is the classification of vehicles in terms of their track damaging properties.
The interaction between wheel and rail depends on vehicle-track dynamics, contact mechanics, and tribology. For a wear prediction procedure to be successful, numerical models will have to be collected from all of these disciplines. In general, pertinent international research addresses contact mechanics in terms of stress distribution and plasticity, wear mechanisms, and tribological environment as well as the connection to the overall dynamics and long-time service [1] . Application to simulation of rail profile evolution is however rarely reported in the literature. Szabó and Zobory [2] calculate the profile evolution of wheels and rails using a friction work wear approach and stochastic models for track irregularities and definition of operations.
The purpose of this paper is to investigate the applicability to rail wear simulation of methods and models successfully developed to predict wheel wear. Starting point is the research carried out at Royal Institute of Technology (KTH) in Stockholm reported by Jendel [3] and Enblom and Berg [4] . The objective of this research is to arrive at a numerical procedure able to quantitatively predict wheel and rail profile-related wear for arbitrary operations. Application to rail wear for a light rail application has been performed by Orvnäs [5] . The rail wear simulation procedure is outlined in section 2 [6] .
The main reference operation in this research activity is the Stockholm commuter network. The total length is about 200 km, comprising curve radii down to 300 m and the major part with double track. The traffic is essentially uniform with two types of electric multiple units, X1 built in early 1970s and X10 built in 1980s.
Extensive measurement results relevant to contact conditions and wear are available from this service [7] . Wheel and rail profiles have been measured over several years in the late 1990s as well as friction, efficiency of trackside lubrication, and hardness development. Measured wear quantities for the curves to be studied in this paper are accounted for in section 3.
Rail wear simulation differs from the corresponding wheel wear calculations in terms of the variety of contact conditions. A vehicle traversing a large network experiences a wide range of curving conditions, track alignment variations, and friction levels. This has an averaging effect on the wear distribution and makes the procedure less sensitive to occasional poor contact conditions. For this reason, section 4 is devoted to the performance of traditional Hertzian modelling in the context of curve negotiation and the wear model to be applied. The purpose is to highlight the contact conditions and identify critical aspects with respect to wear modelling.
To explore the possibilities of the outlined rail wear simulation procedure, wear rates have been calculated for several curves from the reference network. In section 5, simulation results are given for basic cases, using model data from the wheel wear simulations, and variation cases including proposed model improvements being surface elasticity [4] , nonHertzian contact modelling [8] , and wear maps further adapted to lubricated conditions.
MODELLING
The modelling follows a similar path as for wheel wear simulation previously published [9] . The set of simulations is basically determined by the different vehicles running on the track portion under investigation. The wear calculation relies on Archard's wear model in combination with experimentally determined maps of wear rates as a function of relative sliding velocity and contact pressure.
Simulation set
The simulation set is built up by a hierarchy of occurrence probabilities with the vehicle selection at the Fig. 1 Schematic structure of the simulation set. Vehicle level parameters: vehicle model, track irregularity specification; operational parameters: vehicle speed, vehicle acceleration; contact parameters: coefficient of friction, Kalker coefficient scaling factor, wear map designation, wheel profile designation uppermost level. The operating conditions are defined at the next level and the contact conditions at the bottom level (Fig. 1 ). This structure offers flexibility in specifying different vehicles, selection of operation conditions for each vehicle and several contact conditions for each operation. The input parameters at each level are given in Table 1 .
The track irregularities introduce a realistic stochastic element in the distribution of wear across the rail profile. Since the track alignment varies slowly with time it has been considered reasonable to allow for irregularity selection at the vehicle level. 
Track-vehicle interaction
The track-vehicle interaction is determined using multi-body dynamic simulation. The vehicle models are built in the commercial MBS code Gensys [10] .
A typical single vehicle model comprises rigid bodies for carbody, two bogie frames, and four wheel-sets connected by corresponding primary and secondary suspension elements. The level of detail is most crucial close to the wheel-rail contact while a simplified representation of the secondary suspension is sufficient for this application. The track is modelled by a follower mass-spring system with one lateral degree of freedom per axle. The required output is time-histories for contact forces, creepage, contact ellipse size, and contact position to be used as input to the subsequent wear calculation. The models need to be three-dimensional and include the non-linear behaviour of suspension and wheel-rail contact. The wheel-rail contact is modelled using Hertz' theory [11] for the normal problem and Kalker's simplified theory [12] , realized by the algorithm Fastsim, for the tangential problem. Contact point functions, defining the profile pair geometric dependencies on the relative lateral displacement, are calculated prior to the dynamic simulation using the selected wheel profile geometry and the updated rail profile.
For the sake of rail wear simulation, the selected vehicles are modelled and run on the portion of track to be investigated. The four types of commuter vehicles are modelled. The freight tonnage is significantly less and is therefore neglected at this stage.
Wear model
The tribological model has been carried over from the successful wheel wear simulations previously reported on references [3, 4, 6] . The way the wheel-rail contact is modelled using the theories by Hertz and Kalker, the adhesion zone boundary is determined by the intersection of the elliptic stress distribution according to Hertz and the linear tangential traction distribution proposed by Kalker.
The wear model is based on Archard's wear equation for sliding contact
where V w , volume of the wear ( In the numerical implementation, Archard's wear model is applied locally by partitioning the contact area into a calculation mesh and dividing equation (1) by the area increment, dx dy. The wear depth, z, at the centre of the mesh element with co-ordinate (x, y) thus becomes
The wear depth calculation is realized in an extended version of the algorithm Fastsim by Kalker, including explicit formulations of sliding velocity and sliding distance based on the creep values obtained from the dynamic simulation and the surface elasticity as given by the flexibility parameters in Fastsim. The latter may be included as an option.
As a variation, a tentative study replacing the Hertzian contact with a semi-Hertzian non-elliptic approach has been carried out.
The Archard wear coefficients are determined by test and presented in two-dimensional maps as a function of contact pressure and sliding velocity. This method is well recognized in the tribological society. It differs however from the, in railway applications, commonly used energy dissipation approach in the sense that a direct dependence between wear and friction is not assumed.
Based on available test results for relevant material combinations, a wear map for dry conditions has been defined (Fig. 2) . The most important regimes for railway operation are the k 2 and k 3 areas although both higher contact pressures and larger slip may occur in narrow curves or at poor adhesion conditions, respectively.
The real wheel-rail contact is however rarely dry, that is why different levels of lubrication need to be considered. Ambient conditions related to weather and contamination as well as wayside lubrication in tight curves are the levels defined here. For the basic rail wear simulations, the wear map has been scaled down by a factor of 5.5 to account for environmental influences or by 11 to account for lubrication. These factors are estimated from field measurements, reported by Jendel [3] . As a variation, a trial wear map has been tested including adjusted scaling and transition locations. 
Profile updating
To determine the profile evolution, a wear step approach is adopted. One set of simulations is carried out by assuming constant profiles. The wear contributions are collected and together with the simulated tonnage scaled up or down to comply with the wear step limiting criteria prior to updating the profile geometry. The profile is smoothed after each updating. One wear step is limited to a maximum of 0.1 mm wear depth or a maximum of 1000 axle passages for non-lubricated and 3000 for lubricated curves.
MEASURED CURVES
During a period of about 3 years in the late 1990s, the rail wear was measured at several locations in the Stockholm commuter network, reported by Nilsson [7] . Lubricated and non-lubricated curves of different radii were monitored in two measurement series. For the purpose of reference in this study, several measurements from the first series were selected ( Table 2 ). The wear rates are the average over the entire measurement period, corresponding to a traffic load of 13 mega-gross-tonnes (MGT). A general trend is a decreasing wear rate with time but also seasonal variations. The steel grade is UIC 900A, in service approximately 2 years after initial grinding and prior to the first measurements. The hardness is about 2.7 GPa for virgin material and 3.4 GPa for the run-in rails. The lubricated curves are equipped with trackside devices at the high rail. The rail profile is UIC60 with inclination 1:30.
The traffic load on this part of the line during the measurement period consists of two types of commuter electrical multiple units (EMUs) and a small fraction of freight trains (Table 3) .
Examples of worn shapes are shown for the high rail in the 303 m curve (Fig. 3) . The profiles were measured with a Miniprof measurement system. This system was calibrated against a three-dimensional co-ordinate measuring machine. The deviations were found to be 0.10 mm with a standard deviation of 0.05 mm on the rail head and 0.19 mm with a standard deviation of 0.04 mm at the gauge corner [7] . This means that the error may be in the same order of magnitude as the smaller worn-off areas measured.
CONTACT CONDITIONS
The objective of uniform rail wear simulation is to predict the evolution of the profile considered constant over a certain portion along a track, typically the circular part of a curve or a tangent section of uniform quality. The track under investigation is to be traversed by a set of vehicles, usually with different properties in terms of track forces, steering capability, and wheel profiles. Nevertheless, this variation of contact conditions is assumed to be less than the corresponding wheel wear simulation related to a vehicle passing a wide variety of different curves and track quality levels. The implication of this is that the averaging and smoothing of the wear distribution due to operating conditions is less pronounced for rails than for wheels. As a consequence, the simulation becomes more sensitive to the adequacy of the used contact model.
To explore the basic contact conditions being input to the wear simulations, quasi-static curving analyses have been carried out indicating the shape of contact patches and levels of stress. The contact patch size, normal stress, and sliding velocity are calculated for the leading outer wheel using nominal profile geometry and Hertz' theory. The purpose is to indicate the validity of the assumed elastic material behaviour and elliptic contact theory as well as the location in the wear map to be used in the wear calculation to follow. The wear map directs the wear rate related to the governing wear mechanism as a function of the parameters sliding velocity and contact pressure.
The initial profiles are UIC60 for the rail and SJnormal for the wheel. The latter features a straight cone with a slope of 1:20 for the tread and 60
• flange angle. Two-point contact occurs for this profile combination under unworn conditions. The rail inclination is 1:30.
To highlight the contact conditions by example, contact stresses and ellipse sizes are calculated quasistatically for the X10B coach in the measured curves. This vehicle is a trailing car with rather soft primary suspension and good steering capability.
A general observation is that the contact ellipse becomes very narrow and the contact pressure becomes very high for the tighter curves with radii up to 600 m (Fig. 4) . Obviously too high stress at the gauge corner in the narrow curves is a consequence of the very slender contact ellipses and indicates that some improvement of the contact model may be required. Telliskivi and Olofsson [13] , for instance, have by finiteelement analysis shown that the real apparent contact area in a 300 m curve is about three times larger than that predicted by Hertz.
To relate the contact conditions to wear it is of interest to investigate the distribution of both contact In the following figures, the locations in the wear map are shown for a few typical non-lubricated cases, using a 10 × 10 discretization of the contact patch and displaying the grid points within the elliptic shape. The semi-axis ratio a/b is indicated as well. Virgin material properties are used and the seizure limit is set to 80 per cent of the hardness. For the 303 m curve and using Hertzian theory, a significant portion of the patch would be in the seizure regime (Fig. 5) . To explore the implication of an enlargement of the contact area as indicated above, the same calculation has been carried out with the gauge corner contact ellipse width scaled with a factor of 3 (Fig. 6) . The results show a corresponding stress reduction as well as increased sliding velocities as would be expected due to the spin contribution. Application of the semi-Hertzian approach to a similar 300 m curving case [8] , however with wheel profile In the 611 m curve, some points are still in the seizure regime (Fig. 7) . Some occurrence of seizure is however realistic for the gauge corner contact. A significant adhesion zone in the tread contact also develops as can be seen by the increasing number of points at zero velocity.
For wider curves, both stresses and ellipse shapes become reasonable (Fig. 8) .
WEAR SIMULATION RESULTS
For the purpose of trial calculations, a preliminary simulation set has been defined including 4 vehicles and 12 simulations.
The X1A and X1B vehicles are assigned 30 per cent occurrence probability each while the X10A and X10B vehicles are assigned 20 per cent each. The suffix A denotes a motor coach and B a trailing car. For each vehicle, one operating condition is assigned defining the maximum speed in the actual curve. No traction or braking is applied. Three contact conditions are defined related to different measured wheel profiles with the distribution of 10 per cent almost new, 50 per cent with 134 000 km running distance, and 40 per cent with 200 000 km running distance.
To explore the possibilities of rail wear prediction, two basic cases are first investigated using similar models as for the successful wheel wear simulation [3, 4] . Thereafter some variations are analysed, trying different model improvements.
Basic cases
Two basic cases of tentative nature have been defined as follows. For non-lubricated curves, the remaining parameters are coefficient of friction 0.4, scaling of Kalker coefficients 0.67, and wear map for natural lubrication.
For the high rail in lubricated curves, the coefficient of friction is set to 0.2 and the wear map for lubricated contact is selected.
Wear rates are calculated in terms of worn-off area per MGT of traffic load (Table 4) . For the nonlubricated curves, 1 MGT is simulated while for the lubricated curves the wear rates are the average from the simulation of 3 MGT. The number of wear steps vary from about 90 for the 802 m curve through several hundreds for the 303 m curve. For the tighter curves, the wear depth limit of 0.1 mm requires rather short wear steps.
The use of worn-in measured starting profiles reduces the low rail wear in accordance to the increase of surface hardness (25 per cent), for the wider curves somewhat more. The effect on the gauge corner wear is less consistent, probably due to larger influence of the profile shape. In addition, the proportions between high and low rail wear improve towards larger difference for the non-lubricated curves, while remaining too large for the lubricated curves. An alternative way of expressing the wear would be the maximum perpendicular wear depth (Table 5) , also showing the proportions between high and low rail but being more sensitive to local irregularities in the wear pattern.
The obtained wear rates do however not compare well to the field measurements (Table 2 ) even considering that the initial measured wear rates are about twice the average over the whole period. The difficulty to predict rail wear rates, applicable to rail-wheel contact, is however recognized and discussed by, for instance, Olofsson and Telliskivi [14, 15] and Lewis and Olofsson [16] . Of crucial importance are environmental influences, contact stresses, and wear regime transitions. Recent testing indicates that the beneficial effect of moist and contamination on wear rates may have been underestimated above [17] . Furthermore, the contact pressure is easily overestimated by using Hertz' theory and elastic material properties.
Finally, the wear mechanism transition regions are usually steep and give rise to threshold effects, making the model sensitive to their location. These locations in terms of sliding velocity are also likely to depend on the presence of a lubricant.
The difference in wear between rail head and gauge corner (Fig. 9 ) seems to be reasonably well modelled. With mild wear governing at the rail head and severe wear at the gauge corner, the calculated proportions are comparable with both field observations [7] and laboratory tests [16] .
Comparison between the non-lubricated and lubricated curves shows an underestimation of the lubrication efficiency compared with measurements. The observation that the wear rates are overestimated for both ambient weather conditions, and lubrication suggests that the lubrication modelling, in general, need to be improved. This hypothesis is elaborated to some extent in section 5.2.
Some calculated profile shapes are shown for case 2, non-lubricated and lubricated. In general, the simulations develop a reasonable profile shape, corresponding well to the geometry observed in reality. Here the typical worn shape of the high rail gauge corner and the head flattening on the low rail may be clearly seen (Fig. 10) . The wider curves (Figs 11 and 12) show the same patterns but as expected with less wear. As mentioned above, the lubrication efficiency seems to be underestimated, here shown for the 616 m lubricated curve after 3 MGT traffic load (Fig. 13) . In alignment with the field measurements, the expected appearance would be comparable with the nonlubricated 611 m curve at about 1 MGT traffic load (Fig. 11) . Note however the large scatter in the measured wear rate. 
Variation cases
The results for the basic cases appear to be qualitatively good in terms of worn profile shapes. The simulated wear rates are however too high compared with measurements. To investigate the effect of possible novel modelling refinements, three variation cases have been defined. They are based on the basic case 2, worn-in rail, with the following amendments.
3. Inclusion of surface elasticity in the calculation of sliding velocities [4] . This is expected to increase the wear in case of partial slip contact, thus mainly on the rail head. 4. Non-elliptic contact modelling with Stripes [8] . This is expected to relocate the material loss towards increasing profile curvature.
5. Modified wear maps for naturally and deliberately lubricated conditions. This is expected to reduce the wear rates in general and indicate the sensitivity to the wear map parameters.
The basic effect of including the surface flexibility in the calculation of relative sliding velocities changes the distribution along the contact patch such that higher velocities are obtained towards the rear of the contact. This is particularly important in case of partial slip, since the sliding zone is located to the rear and a wear mechanism transition may occur here. Using rigid creep only gives an average sliding velocity over the contact patch. The implementation of the Stripes procedure is at this stage done in the wear calculation only. This calculation is carried out in a postprocessing step subsequent to the multi-body simulation. The inconsistency in contact modelling between the two simulation steps are limited by matching the resulting normal contact forces.
The base case results clearly show that the lubrication efficiency is underestimated ( Table 4 ). The wear maps for lubricated conditions used in the previous cases are just scaled down versions of the map for dry contact, using average factors estimated for wheel wear. Nilsson has however estimated lubrication efficiency factors for the measured curves [7] , being about four for the 616 and 798 m curves. Relying on the recent tests in moist environment [17] , the corresponding factor for natural lubrication may be 7 rather than 5.5. The wear reduction is however not obtained by reducing the wear coefficients alone. Since the transition between wear mechanisms to a great extent is determined by the contact temperature, the cooling effect of the applied lubricant is likely to move the transition zones towards higher sliding velocities as well as to postpone seizure. Not much experimental evidence to quantify this effect is available for the wheel-rail contact although testing is ongoing. To investigate the sensitivity of rail wear simulation to these parameters, adjusted wear maps have been tried with both increased scaling factors and relocated transition zone limits. Case 5 is thus based on the following wear maps (Table 6 ). Refer to Fig. 2 for wear regime definitions. The lubrication efficiency rates are set to six for ambient conditions and further three for wayside lubrication.
The wear rates for cases 3 and 4 are calculated in terms of worn-off area per MGT of traffic load (Table 7) . For case 3 and non-lubricated curves, 1 MGT is simulated while for the lubricated curves the wear rates are the average from simulation of 3 MGT. For case 4, all simulations are for 1 MGT traffic load.
The effect of including the surface elasticity is more pronounced in case of partial slip conditions. The anticipated relative wear increase is thus larger on the low rail than at the gauge corner, where full slip is prevailing. The case 3 results confirm this behaviour. For the non-lubricated high rail, the increase varies from a few per cent for the 303 m curve to about 40 per cent for the 802 m curve. The relative increase for the lubricated high rails is lower. For the low rails, the increase is larger, from about 25 per cent to almost three-fold.
The non-elliptic contact model also turns out to increase the wear rates. The relative change tends to increase with curve radius, although showing some irregularities. The effect is larger for the lubricated curves than for the comparable non-lubricated. In total, the wear increase spans from almost nothing to about 30 per cent for the high rails and about 60 per cent for the low rails.
All the simulation results so far show limited efficiency of the wayside lubrication, not in line with available field observations. The trial wear map in case 5 tends to alter the results in the desired direction. It shall however be pointed out that wear maps of this kind for lubricated conditions need further experimental verification. The wear rates for case 5 are calculated in terms of worn-off area per MGT of traffic load (Table 8) . For the non-lubricated curves, 1 MGT is simulated while for the lubricated curves the wear rates are the average from simulation of 3 MGT.
In general, the reduction of calculated wear is in the range of 5-10 per cent for non-lubricated rails and about 40 per cent for the lubricated high rails, corresponding approximately to the changed values for lubrication efficiency. This may indicate that the wear mechanism transition locations are not critical under the analysed conditions in terms of wheelset guidance and curve radii. In addition, the high to low rail wear ratio is improved towards a smaller value for the lubricated curves. The resulting profile shapes for base case 2 and variation cases 3 and 4 are shown for the non-lubricated 611 m curve (Fig. 14) and the lubricated 616 m curve (Fig. 15) . As can be seen, the difference between cases 2 and 3 are small, with slightly more wear for the latter. Case 4, however, shows a principal difference in predicting less wear at the lower gauge corner face. In addition, case 4 shows some irregularities, attributed to numerical imperfection related to the inconsistency with multi-body contact model.
The lubricated curve shows similar mutual behaviour of the compared cases. It shall however be remembered that the lubrication efficiency is underestimated here.
CONCLUSIONS AND FURTHER WORK
A procedure for numerical simulation of rail wear and corresponding profile evolution has been formulated. A simulation set is selected defining the vehicles running on the track to be investigated, their operating conditions, and contact parameters. Several variations of input data may be included together with the corresponding occurrence probability.
Trial calculations of four non-lubricated and two lubricated curves with radii from 303 through 802 m show qualitatively reasonable results in terms of profile shape development and difference in wear mechanisms between gauge corner and rail head. The wear rates related to traffic tonnage are however overestimated.
The impact on the rail wear simulation by applying recent developments in contact modelling has been investigated. The inclusion of surface elasticity in the calculation of relative sliding velocities tends to increase the wear in case of partial slip contacts. The non-elliptic contact model also turns out to increase the total wear rates, to some extent concentrating towards small profile radii.
In addition, possible redefinition of wear maps for lubricated conditions has been tried, showing a wear reduction mainly in line with the applied lubrication efficiency scaling. This may indicate that the wear mechanism transition locations are not critical under the analysed conditions in terms of wheelset guidance and curve radii. The high to low rail wear ratio is also improved.
It is believed that further basic studies and model refinements are required to improve the quantitative results.
1. Larger simulation set accounting for variations in friction and environmental conditions. Systematic sensitivity analyses should be carried out to determine the importance of the different parameters. 2. The results are highly sensitive to the contact modelling, in particular, at the gauge corner. The limited applicability of traditional elliptic contact modelling calls for improved methods able to handle the actual profile geometry and non-elliptic contact patch shape. It is probably necessary to investigate the contact conditions in detail to improve the understanding of governing parameters and wear mechanisms. 3. The tentative simulation with the non-elliptic contact model Stripes, implemented as postprocess only, shows some redistribution of the worn-off material but no significant reduction in wear rate. For more rigorous simulations, consistent contact models are needed in the dynamic simulation and the wear calculation. 4. Further development of wear maps by assimilation of evolving test results. Improvement of wear coefficients better reflecting the actual wear mechanisms, their transitions, and influence by environmental factors like weather, contamination, and lubrication.
The findings with respect to lubrication and the initial settings inherited from the wheel wear simulation indicate an underestimation of the lubrication efficiency. For the wheels, however, the results still become adequate since travelling over a complete network generates a reasonable average. This is not the case for a specific portion of a track, calling for further detailing of the associated parameters. Once solved, the results might be used to further generalize the wheel wear calculation as well.
